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Abstract

Life cycle assessment (LCA) is a standardized tool (ISO 14040) used to evaluate the environ-
mental impacts of products and processes across their entire life cycle, from raw material
extraction to end-of-life disposal or recycling. It has become particularly important in the
context of engineering materials, where sustainability considerations are critical. Despite
challenges such as data quality limitations, variations in system boundary definitions, and
methodological inconsistencies, LCA remains an essential tool for assessing and improving
product sustainability. This work presents a foundational overview of LCA principles
and describes a systematic, step-by-step procedure for its effective application. Addition-
ally, this article revisits the fundamental concepts of carbon footprint (CF) analysis as a
complementary tool for quantifying greenhouse gas emissions associated with products
and activities. CF analysis underscores the necessity of adopting low-carbon materials
and manufacturing processes to minimize embodied energy and reduce environmental
emissions. Low-carbon materials are characterized by attributes such as being lightweight,
recyclable, renewable, bio-based, locally sourced, and safe for public health. Their develop-
ment balances the reduction of raw material and resource consumption during production,
with increasing product performance, recyclability, and service life, reflecting a cradle-
to-cradle, circular economy approach. The integration of LCA and CF methodologies
provides an integral framework for assessing environmental performance and supports
decision-making processes aligned with global sustainability targets.

Keywords: life cycle assessment; circularity; sustainability; carbon footprint

1. Introduction
Life cycle analysis (LCA) is indeed a managerial concept whose roots could be traced

back to the 1960s [1,2]. However, over time, LCA has gained importance, owing to the
increase in anti-environmental engineering and scientific practices, resulting in the un-
controlled acquisition of non-renewable and precious natural resources. The worldwide
acknowledgement of the LCA concept led to the formation of an International Standard
‘ISO-14040’ that serves as framework and defines LCA as follows [3]:

“A technique for collecting information relevant to a products’ environmental aspects and
impacts by considering each and every impact associated with all stages of a process from
cradle-to-grave, including materials processing, manufacture, distribution, use, repair,
maintenance, and disposal or recycling.”
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Besides ISO-14040, the LCA concept has also been defined by the Society of Environ-
mental Toxicology and Chemistry (SETAC) in its “Code of Practice” [1]. In addition, several
organizations from around the world have been involved in the development of LCA us-
ing different types of analytic approaches. However, regardless of the success rate of the
approaches, there are several nonspecific complications in performing LCA. These include
poor quality data, weak reasons or procedures for establishing boundary constraints, and
the existence of diverse principles when comparing environmental factors without any com-
mon objective [4]. Indeed, the propagation of LCA tools, alongside the growing perceived
market opportunities of LCA tools, as depicted in Figure 1 [5], have become a key problem,
as different studies focus on different datasets and methods. Therefore, it was of utmost
importance to standardize the LCA methods through a consensus approach and, fortunately,
in 2002 the United Nations Environment Program (UNEP), in association with SETAC, has
launched the Life Cycle Initiative (LCI) [6]. The LCI brought new robustness into LCA tools
for evaluating materials, products, and systems. In 2011, SETAC founded the LCA Global
Coordinating Group (GCG) as a communication center among the regional advisory com-
mittees, including Europe, North America, and the other three geographic units of SETAC
(Latin America, Asia-Pacific, and Africa) [7]. The United States Environmental Protection
Agency (USEPA) published an article entitled, Life cycle assessment: Principles and practice,
to summarize the general LCA methodologies and life cycle impact assessment (LCIA) tools
in 2006 [8]. LCA is now widely recognized as an important tool for assessing the sustainability
of products and systems in relation to the United Nations’ Sustainable Development Goals
(SDGs) set in 2015 [9]. However, despite growing adoption and methodological refinement,
practical implementation of LCA continues to face critical challenges. These include the
labor-intensive nature of life cycle inventory (LCI) data collection, persistent data gaps, par-
ticularly in toxicity-related impact categories, and uncertainties surrounding the reliability
and relevance of external data sources [10]. To address these limitations, enhancements such
as coupling Geographic Information Systems (GISs) with LCA have been implemented to
support biomass energy projects through resource potential assessment, supply chain opti-
mization, and site planning [11]. Additionally, emerging digital technologies, such as Artificial
Intelligence (AI), the Internet of Things (IoT), and Blockchain offer promising solutions by
enabling real-time data acquisition, enhanced model integration, and improved transparency,
thereby strengthening the reliability, efficiency, and scalability of LCA [10].

Figure 1. Trajectories and drivers of LCA development [12–15]. Adapted from [5], licensed under CC BY 4.0.
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This commentary provides a foundational overview of LCA and carbon footprint (CF)
analyses, detailing key concepts, application stages, and the quantification of greenhouse
gas (GHG) emissions. It should be noted that the purpose of this article is to revisit
and clarify foundational concepts related to LCA and CF analyses. Given the growing
environmental concerns and increasing application of LCA across diverse fields, there
is value in reinforcing a clear and accessible understanding of these core principles. By
doing so, the article aims to support more consistent and effective implementation of LCA
and CF practices across various sectors. Thus, the main purpose of this article is to clarify
the distinctions between different LCA approaches and to highlight their importance in
sustainability assessment and decision-making. To support this, Figure 2 illustrates the
“cradle-to-grave” concept central to LCA. It can be seen that the LCA of any engineering
goods consists of different phases through its lifecycle, such as [16].

● Resources: these are the valuable elements of nature, including water, energy, and raw
materials, which are utilized in the production of engineering materials.

● Material processing: it involves a series of transformation steps through which the natural
resources have been converted to produce the desired form of engineering materials.

● Product manufacturing: Once the raw material becomes available, the manufacturing
of a physical entity starts in response to the end-user implications. The qualitative
performance and yield of any manufacturing process rely on the efficacy of the adopted
manufacturing technique.

● Distribution: it involves the distribution of the produced goods and services from the
manufacturing units to the consumers.

● Use: Once the manufactured products are delivered to customers, they start to provide
the required services.

● End of Life: every product has a definite span of service life, after which it needs to
be discarded.

Figure 2. Cradle-to-grave life cycle of engineering goods. Adapted from [16] with permissions from
Elsevier via CCC RightsLink.

The definitions of the terminologies mentioned above often seem too generic; however,
each stage of the “cradle-to-grave” cycle generates enormous hazardous elements in the
environment and, therefore, it is reasonable to question which way is the most sustainable.
Indeed, LCA helps in searching for and defining the most sustainable option by using a set
of predefined rules and policies. The following are the key benefits of LCA analysis [17]:

● It helps to promote sustainable design and re-design of products and processes;
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● It leads to reduced overall environmental impacts and the decreased use and release
of non-renewable or toxic materials;

● It identifies key materials and processes within the products’ life cycles;
● It assesses the full benefits and costs of a product or process;
● It compares the various possible alternatives;
● It recognizes inefficient or significant changes in the life cycle phases;
● It goes beyond the concept of ‘use’.

The application of LCA is never an easy process, owing to the wide range of pro-
cess parameters involved at each stage of Figure 2. Therefore, it becomes necessary for
the applicant to consider only the most impactful parameters and to set-up constraints
and boundaries for the problem at hand. Figure 3 shows the various hurdles while
employing LCA.

 

Define Goals & 
Scope

•Set boundaries: 
Where should I 
draw the line?

•Identify key 
attributes to 
compare.

•Determine the 
depth of material 
flow tracking

•Check if data for 
deep-level 
tracking exists

Assess Data 
Availability

•Is data accessible 
for all stages 
within the defined 
scope?

•Are data sources 
direct and 
reliable?

Quantify 
Environmental 
Impacts

•Translate material 
flows into 
measurable 
environmental 
categories

Evaluate and 
Prioritize Impacts

•Which 
environmental 
categories matter 
most to 
stakeholders?

•How do these 
categories 
compare in 
significance?

Figure 3. Hurdles in applying LCA [18].

There are two main types of LCA: attributional LCA (ALCA), which assesses the
global impact share of a product’s life cycle based on defined system boundaries, and con-
sequential LCA (CLCA), which evaluates how environmental impacts change as a conse-
quence of a decision and aligns with consequential ethics and future-oriented sustainability
goals [19,20]. A comparison of ALCA and CLCA is presented in Table 1. Nevertheless,
a consistent approach for consequential LCA has not yet been established [21]; thus, the
expansion and evolution of LCA face four main categories of developmental challenges:

● Mechanisms and models;
● Gaps in data and knowledge;
● Incorporating temporal and dynamic components;
● Comparability limitations originating from different scenarios and system boundaries.

Table 1. Comparison of attributional and consequential LCA [19,22,23].

Aspect Attributional LCA (ALCA) Consequential LCA (CLCA)

Goal Describe actual environmental flows associated
with a product

Describe how environmental flows change in
response to decisions

System Boundary Based on physical flows directly linked to the
product; uses average data

Based on processes directly and indirectly
affected by decisions; uses marginal or
incremental data

Typical Applications Micro-level decisions: product improvement,
labelling Better suited for policy evaluation

Strengths Transparent, robust, well-established; easier to
communicate and implement Captures indirect effects and market responses

Limitations May mislead decisions by ignoring system
effects

High uncertainty; complex modelling; data
and resource intensive; less standardized
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2. Application of LCA
Life cycle thinking (LCT) is one of the most qualitative discussions for identifying

stages of the life cycle and potential environmental impacts. The application of LCA
starts with the “Conceptual LCA (c-LCA)” for assessing the environmental aspects based
on a limited and usually qualitative inventory. The c-LCA serves to evaluate [24] the
basis for adopting a green marketing strategy, examine how the product compares to
competing alternatives, and identify specific environmental advantages or disadvantages
across relevant impact categories.

The verdicts about green-marketing and product development do not generally re-
quire a critical analysis, but rather foundation knowledge on the relative advantages,
disadvantages, and uncertainties of the product. In this process, the outcomes of c-LCA can
be presented using qualitative statements, outlining which components or materials have
the largest environmental impacts and why. However, limitations in the inventory can
occur in the form of omissions of one or more of the phases in the life cycle. A c-LCA may
help a decision maker identify products possessing competitive advantages and reduced
environmental impacts. Subsequent application of a detailed LCA fulfils the requirements
of a standard and can be used for public information. The LCA takes a systems approach
to evaluate the environmental consequences of a particular product, process, or activity
from “cradle-to-grave” [25].

By considering the entire life cycle of a product, from its extraction and processing of
raw materials, manufacturing, and transportation, to final disposal, LCA is used to system-
atically assess the impact of each component process. Figure 4 illustrates the simplified
application of LCA. Ideally, a complete LCA would include four separate but interrelated
components, as shown in Figure 5.

2.1. Goal and Scope Definition

According to the ISO-14040 standard [3], the first phase of an LCA is to define the goal
and scope of the problem. It is of high importance that the goal and scope should have
clear definitions and consistency, underlining the intended application.

● Goal: It is the intended application of the LCA study, such as marketing, product
development, product improvement, strategic planning, etc. The specific objective of
the study significantly influences the design and extent of its scope.

● Scope: While defining the scope of LCA, it is essential to characterize the process under
observation. At this stage, various assumptions are identified, and the methodological
approach used to model the product system is specified. In particular, the following
factors strengthen the reliability, efficiency, and scalability of LCA execution:

# Function of the product (functional unit);
# Reference flow;
# System description;
# System boundaries, which can take several forms [26,27]:

Cradle-to-grave: covers all life cycle stages, from raw material extrac-
tion, production, and transportation, through to the use phase and
end-of-life treatment.
Cradle-to-gate: includes processes from raw material extraction up to the
point where the product leaves the production facility (gate of the factory).
Gate-to-grave: focuses on the downstream processes, starting from the
product’s use phase to its end-of-life.
Gate-to-gate: limits the analysis of environmental impacts to the pro-
duction phase only.
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# Allocation procedures;
# Impact categories and the impact assessment method;
# Data requirements;
# Data assumptions;
# Limitations;
# Data quality requirements;
# Peer review requirements;
# Reporting type.

 
 

 

First Step: Goal and Scope of the Study 

The present example aims to calculate the carbon emission of two different types of gasoline engine cars. The results of this 

study will help in understanding the environmental sustainability. 

Segment C Car Model X  

Base engine size 1.8 lt. 

Base engine type I-4 

Horsepower  139hp 

Horsepower rpm 6100 

Fuel type Gasoline 

Segment C Car Model Y 

Base engine size 1.5 lt. 

Base engine type I-4 turbo 

Horsepower  158hp 

Horsepower rpm 6500 

Fuel type Gasoline 

Data Assumptions: 

• The cars have been driven under the same operational conditions. 

• Similar quality of the gasoline has been used in both cars. 

• Both cars have been driven on a racing track for 100 km under similar environmental conditions. 

• The fuel consumed by the cars has been manually recorded by emptying the fuel tanks. 

Boundary Conditions: 

• Except fuel consumption, no other means of carbon production, including cars manufacturing and 

wear of rubber tyres, have been considered. 

• The evaluation of the carbon emission has been evaluated on an empty racing track for 100 km. 

• Consumption of any other resource, engine oil, break oil, and coolant has not been considered in 

the analysis. 

Second Step: Inventory Data 

This data involves the per hour gasoline consumption by both cars. The values have been identified as: 

Model X: 9.9 lt. 

Model Y: 11.3 lt. 

Third Step: LCIA 

The carbon emission by both the cars under observation has been calculated by considering following 

reaction: 

CnH2n + O2 + spark                  H2O + CO2 + heat 

It was found that for burning 1lt of gasoline, containing 652gm of carbon, 1740gm of O2 is required based 

on stoichiometric calculations. Therefore, a total of 2392gm of CO2 is produced by burning 1lt of gaso-

line. 

Fourth Step: Results and Reporting 

From the analysis, it has been found that Model Y produces 27,029.6gm of CO2 per 100km, whereas 

Model X produces 23,680.8gm of CO2 per 100km. Based on fuel consumption data, Model X being more 

environment friendly is sustainable than its opponent, Model Y. 

Figure 4. Simplified application of LCA.
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Figure 5. The steps for conducting an LCA.

2.2. Life Cycle Inventory

The second phase of a LCA is the life cycle inventory (LCI) analysis, which entails the
systematic collection and quantification of all relevant inputs and outputs associated with a
product system across its life cycle. It includes data collection and the accumulation of the
data in a life cycle inventory (LCI) table. Indeed, this phase is the most work-intensive and
time-consuming due to the need for comprehensive quantitative and qualitative data across
all unit processes in the system, but IoT technologies can streamline this process by enabling
automated, real-time data collection [10]. Furthermore, digital tools and software such as
SimaPro and OpenLCA facilitate the management, modelling, and analysis of inventory
data by providing extensive databases and structured workflows, thereby enhancing
accuracy and efficiency in the LCI phase [28,29]. The inventory data typically consists of
the following categories: energy inputs, raw material inputs, ancillary inputs, physical
inputs, products and co-products, waste outputs, emissions to air, water, and soil, as well
as other relevant environmental aspects [30].

Prior to conducting the life cycle inventory (LCI) analysis, several preparatory steps
must be carried out. First, data validation must be performed to ensure the reliability of
collected data, typically through mass or energy balance checks. Next, the validated data
should be assigned to the appropriate unit processes within the system model. Finally,
all data must be normalized to the functional unit, enabling meaningful comparisons and
consistent interpretation of results across the system boundaries.

2.3. Life Cycle Impact Assessment

The life cycle impact assessment (LCIA) finds and evaluates the volume and implica-
tion of the possible environmental impacts arising from the inputs and outputs quantified
during the LCA. In this phase, inputs and outputs are first assigned to relevant impact
categories, and their potential effects are quantified using characterization factors. The
assessment should consider not only ecological and human health impacts, but also social,
cultural, and economic dimensions [31].

● Impact assessment methods: Several methodologies are available for conducting life
cycle impact assessment (LCIA), including TRACI and CML [32,33]. The tool for the
Reduction and Assessment of Chemical and other Environmental Impacts (TRACIs)
was developed by the U.S. Environmental Protection Agency (EPA) and is both a
methodology and a software tool that is predominantly used in the United States. CML
is a methodological framework that focuses on assessing a range of environmental
impact categories based on emissions to the environment. The CML approach involves
a structured process of classification, characterization, and normalization. Impact
categories such as global warming potential and ozone layer depletion are assessed
using characterization factors derived from IPCC data.

● Selection of Impact Categories: The selection of the impact categories should align with
the goal and scope of the LCA study. Selected categories must comprehensively reflect
the environmental effects of the product system under analysis. Justification for the
selection of impact categories and the chosen assessment methodology should be
clearly documented during the goal and scope definition phase.

● Classification: The output from the life cycle inventory (LCI) phase typically includes
numerous emissions. Upon selecting relevant impact categories, each emission is
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assigned to one or more categories based on its environmental relevance. Substances
that contribute to multiple environmental effects must be allocated accordingly. For
example, carbon dioxide (CO2) and methane (CH4) are both assigned to the global
warming potential category, while nitrogen oxides (NOx) may contribute to both
eutrophication and acidification categories.

● Characterization: Characterization involves the quantification of potential environmen-
tal impacts associated with the assigned impact categories. This process includes
applying characterization factors to the LCI results, which convert emissions into a
common unit of impact within each category. For instance, emissions influencing
human health and acidification are evaluated in parallel, with the environmental flows
distributed across both impact mechanisms based on their relative contribution.

● Optional elements of an LCA: The optional components of an LCA, such as normalization,
grouping, evaluation, and weighting, are employed to enhance the interpretation and
communication of LCIA results [34,35]. While not mandatory, these steps can support
clearer insights into the relative importance of impact categories. To minimize the risk
of errors, the implementation of these elements must be transparently documented.

◆ Normalization: it expresses the magnitude of the impact indicator results relative
to a reference value.

◆ Grouping: it involves the sorting and ranking of the impact categories. The
impact categories could also be ranked in a given hierarchy, for example, as high,
medium, and low priority. The ranking is based on value-based choices.

◆ Weighting: It assigns relative importance to different impact categories to facili-
tate comparison.

2.4. Interpretation and Reporting

The final phase of the LCA is often addressed as the interpretation stage, which
assesses the results and significance from the previous stages in relation to the originally
defined goal and scope [33,36]. This phase comprises the following three primary steps:

● Identification of significant issues: The identification of significant issues serves as the
foundation for the evaluation step. It involves analyzing the extensive data collected
within the constraints of available time and resources to determine which elements,
such as energy consumption, major material flows, waste generation, and emissions,
have the most substantial influence on the overall results.

● Evaluation: The aim of the evaluation is to enhance the level of reliability of the LCA
study. It includes

◆ Completeness check;
◆ Sensitivity check;
◆ Consistency check.

Conclusions, recommendations, and reporting: Based on the outcomes of the study, certain
conclusions are drawn, which help in making recommendations and preparing the reports.
The conclusive results of the LCA study should be presented in a comprehensive report that
communicates the findings in a clear, transparent, and systematically organized manner.
The reporting of the results should be consistent with the goal and scope definition.

3. Carbon Footprints: Basics
The term “Carbon Footprints (CF)” is generally used for describing the total amount

of carbon dioxide (CO2) and other GHG emissions by an individual or industry [37]. Indi-
vidual and industrial activities such as energy use in homes and factories, transportation,
manufacturing, food production, public services, and the consumption of goods, contribute
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to GHG emissions and thus result in a carbon footprint [38,39]. Carbon footprints can
be calculated by evaluating emissions across the entire life cycle of a product. For orga-
nizations, the complete carbon footprint includes a wide range of emissions, from direct
fuel use to indirect sources, such as employee commuting and supply chain activities. To
ensure consistency and comparability in quantification and reporting, several internation-
ally recognized standards are available. These standards include ISO 14064 [40], which
guides GHG accounting at the organizational level; ISO 14067 [41] and PAS 2050 [42],
which provide frameworks for calculating product-level carbon footprints based on life
cycle assessment; and the GHG Protocol, a widely used framework for both corporate and
product carbon footprint accounting [43]. Indeed, it is important to quantify the entire
range of hazardous emissions while calculating an organization’s CF. GHG emissions can
be classified into three main scopes [44]:

Direct emissions resulting from activities the organization controls: This includes the direct
emissions from the combustion of fuels and the generation of CO2 emissions. Furthermore,
some organizations directly emit GHG; for instance, the manufacturing of some chemicals
produces methane (CH4), while the use of fertilizers leads to nitrous oxide (N2O).

Emissions from the use of electricity: This includes the general use of electricity for
lighting and running industrial equipment. This further includes the indirect emissions of
the GHG during the generation of electricity.

Indirect emissions from products and services: This type of emission results from the
outsourced products or services, which affect the CF. For instance, a company that manu-
factures a product is indirectly responsible for the carbon that is emitted in the preparation
and transport of raw materials. Therefore, it is clear that the production of a full-fledged
CF covers all three types of emissions. Despite emerging international standards, not every
organization follows the same approach for calculating their CF.

The CF analysis has provided important findings, which have helped to shape climate
policy [45]. Detailed insights into key consumption categories have contributed to more tar-
geted policymaking, informed the development of product policies, and supported public
procurement strategies focused on reducing emissions. A significant share of the quickly
cumulative emissions in middle-income countries assists in satisfying the consumption in
rich countries. Nowadays, the problems of global warming and environmental pollution
have become major concerns among economists and environmentalists. In particular, GHG
emissions are considered to be the main contributor causing global warming [46], with
the consumption of fossil fuels being the prime cause of these emissions. Ultimately, this
prompted many countries to adopt sustainable measures, aimed at reducing fossil fuel
consumption by promoting renewable energy sources. However, in some developing coun-
tries, progress toward these commitments may be partly attributed to the outsourcing of
emissions-intensive production to other regions. [47]. This has resulted in the displacement
of the polluting industries and businesses to the developing countries, thereby shifting the
source of CO2 emissions from developed to developing countries. Though international
agreements are of utmost importance in tackling climate change, the local industries always
play an important role in introducing and implementing national policies to decrease emis-
sions. For instance, we consume an abundant stock of food produced in foreign countries
despite the reduction in territorial emissions; consumption-based emissions can upsurge,
as territorial emissions do not take into account the emissions from imported goods [48,49].

3.1. Concepts of CF

The origin of CF can be traced back to as a subset of “ecological footprint” proposed
by Wackernagel and Rees, 1998 [50]. The “ecological footprint” refers to the biologically
productive land and sea area required to endure human population. According to this
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concept, CF refers to the land area required to integrate the entire CO2 produced by a
human during its lifetime. With the passage of time, as the issue of global warming took a
worldwide prominence, the use of CF has become quite common. The concept of CF has
been in use for several decades, but it was known differently because life cycle impacts
the category indicator of global warming potential. Thus, the present form of CF can be
viewed as a hybrid, conceptually serving as a global warming potential indicator. Besides
its extensive, constructive, and communal reputation as an indicator of influence of an
entity towards global warming, there are misperceptions about what it exactly means
due to the limited scientific literature available on this subject. Other associated terms,
used as synonyms of CF, are embodied carbon, carbon content, embedded carbon, carbon
flows, virtual carbon, GHG footprint, and climate footprint [51,52]. Recently, a new term,
“climate footprint” was proposed as a comprehensive GHG indicator. However, it demands
extensive methods for CF calculation [53]. There is a lack of consistency in the selection of
direct and embodied emissions, making it challenging to account for all potential emission
sources. As a result, most studies report only direct or first-order indirect emissions. Despite
the methodological differences, carbon footprint (CF) is commonly expressed in terms of
CO2-equivalent (CO2-e) mass, based on a 100-year global warming potential. Therefore,
the term ‘carbon footprint’ is often more accurately described as ‘carbon weight’ or ‘carbon
mass’ [54]. Thus, CF can be defined as the quantity of GHGs expressed in terms of CO2-e

emitted into the atmosphere by an individual, organization, process, product, or event
from within a specified boundary.

3.2. Importance of Policies in CF

Having acknowledged the emissions, the important sources can be identified, and
areas for emission reductions and efficiency improvements can be developed. This offers
the opportunity for eco-friendly innovations and cost savings. Reporting CFs to third
parties or disclosing them publicly is often driven by regulatory requirements, participation
in carbon trading schemes, corporate social responsibility initiatives, or efforts to enhance
brand reputation. Legislative actions have been considered to quantify and reduce the
CF of cities and organizations. The United States has made it mandatory to keep a track
record of the emissions from firms and companies under ‘Consolidated Appropriations
Act of 2008’ [55]. Additionally, the state of California has imposed caps on GHG emissions
from major industries and has restricted the import of non-conventional vehicular fuels
unless their carbon footprint is lower than that of petroleum-based fuels [56,57]. The
UK Government, through the Low-Carbon Transition Plan, 2009 prompts households to
participate towards constructing a low-carbon future. The EU has strengthened its climate
action agenda by implementing the European Climate Law, aiming to achieve climate
neutrality by 2050 through legally binding emission reduction targets and expanded carbon
pricing mechanisms [58]. Most of such attempts have been observed to reduce emissions
via buying carbon credits or other control measures. Besides policy matters, CF tracking
has an enormous importance for businesses. The business world has anticipated a carbon-
constrained economy in the near future. Therefore, the rush to compute the CF and
to cut-down the emissions has begun, globally, to have a competitive advantage. In a
survey [59], it was found that 44% of the consumers favored purchasing products that
provided information about their CF, while 43% were willing to pay more for the products
with relatively low CF. Thus, the corporate sector has responded in a significant manner
because of the growing awareness regarding climate change. A substantial concern has
grown among individuals and organizations over their accountability for contributing to
the emissions of GHGs. This has led to a surge in personal CF facilities, particularly in
developed countries [60,61].



Sustainability 2025, 17, 7444 11 of 17

3.3. Low-Carbon Materials

Owing to the alarming threat of global warming, many nations across the world
have started practicing with a range of low-carbon materials. The following are some of
the examples [62]:

● Berlin has rolled out various climate change moderation and adaptation programs
largely focused on promoting energy awareness, inspiring energy efficient house-hold
construction and transportation practices.

● The Greater London Authority addressed the problem of rising energy consumption
in the 2004 London Plan and Mayor’s Energy Strategy. For more than 20 years, these
policies have helped avoid roughly 252,000 tons CO2 per annum [63].

● More than a decade ago, about 80 cities and towns started low-carbon community
planning and construction, including Denmark, Norway, Iceland, Finland, UK, France,
and Germany.

● In North America, there exist numerous low-carbon communities, and it is expected that
Asia and the South Pacific area would be the next region to take such initiatives [62].

As of now, China is going through a major urbanized process that will continue
till 2050. This will induce a massive source of embodied energy producing CF from
large infrastructures, buildings, transportation systems, and daily urban household life.
Therefore, it is important for China to take initiative on practicing and implying low-carbon
materials through a set of strategy and technology toolkit that fit into its conditions.

The escalating problems associated with GHGs, limited reserves of fossil fuels and
increasing comprehension regarding the advantages of sustainable development prompted
society, and the increased awareness of the benefits of sustainable development have
motivated governments and industry to adopt low-carbon materials within the framework
of the circular economy [64]. These low-carbon materials possess reduced CF, decreased
embodied energy, and carbon with enhanced recyclability, which conserve the product’s
functional requirements. The development and utilization of low-carbon material, on one
hand, will ensure an environment that is conducive towards health and prosperity while
on the other hand preserving resources for future generations. The efficient development of
low-carbon materials necessitates innovative steps in modifying the chemistry of materials,
adopting intelligent design of products, implementing low-energy intensive processing,
dynamic supply chain management, non-polluting product distribution and novel end-
of-life treatments. The overarching aim is to enhance the circularity of materials and their
corresponding products. Life cycle analysis and circularity measurement tools are generally
employed to assess the low-carbon intensity of materials.

3.3.1. The Idea of Embodied Energy

The notion of embodied energy is related to an integral part of the total energy required
to develop a product and/or run a process. Numerous studies have attempted to define
the embodied energy of a material. The definition that encompasses their viewpoints is
the energy that is expended for the procurement, transportation, and processing of raw
materials; conversion into useable products; and the energy consumed in their end-of-life
disposal treatments. The embodied energy of a material accounts for the operating energy
required during the service life of the product [65]. A somewhat quantitative definition
was provided by Ashby, 2009 [66], which states that embodied energy is the energy utilized
in developing 1 kg of a material from its precursor in a production unit. Considering
the abovementioned definitions, embodied energy can be related to the overall energy
consumption, which correlates with the carbon footprint (whose definition is provided in
Section 3) as Carbon footprint ≅ 0.08 × energy consumption [65].
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The increase in GHG, the depletion of fossil fuel reserves, and the heightened recog-
nition of the advantages associated with sustainable development have led governments
and society to promote the use of low-carbon materials within the framework of a circular
economy. These materials are characterized by reduced carbon footprints and embodied
energy, enhanced recyclability, and the ability to meet functional performance require-
ments. To achieve this, it is essential to understand the characteristics of raw materials,
their potential for recycling or safe disposal, and the overall environmental impact of the
product. Particularly, the recyclability of a material or product is critical for reducing
energy consumption and resource use over the long term. Furthermore, efforts to lower the
embodied energy of materials and products must not compromise their performance or
economic value. Ideally, the development of materials and products with low embodied
energy should also enhance their functional properties, thereby encouraging stakeholders
to adopt and promote them within economically sustainable markets.

3.3.2. The Case of Low-Carbon Materials

Low-carbon materials are those that possess low-carbon footprint, thereby being more
environmentally friendly. There exist several attributes of low-carbon materials, some of
which include lightweight, recyclable, possibility for remanufacturing, exhibiting concur-
rent long service life and low maintenance, ethically and locally sourced, renewable and
bio-based, and non-hazardous to public health. The core aim of the aforementioned facets of
low-carbon materials is to lower the overall carbon footprint from cradle to end-of-life and
beyond. Interestingly, the word “reduction” has a key responsibility in the development
of low-carbon materials. The entire process, from procurement to disposal, should be per-
formed with a “reduced” mentality. The initial phase of the material development includes
lowering the amount of raw materials used, decreasing the use of resources (e.g., water,
electricity) during manufacturing, lowering emissions, reducing waste (non-hazardous)
generation. However, the word “increased” has a dominant role in the service life and
disposal of low-carbon materials.

The utilization of low-carbon materials should enhance product performance and
safety while increasing the efficiency by which it can be recycled, remanufactured, or
composted. In essence, the creation of low-carbon materials is a paradigm for the circular
economy that promotes the use of renewable energies along with bio-refinery models and
a low-carbon economy.

Some strategies are available that can aid in the development of low-carbon materials.
The first is the sustainable selection of raw material, which ideally should be available in the
vicinity to reduce energy consumed by transport and logistics. Others include the increment
of recycle constituent in a product, plastics designed for rapid composting, adoption and
utilization of renewable energies whenever possible, saving energy by lowering the weights
of products and vehicles, and effective remanufacturing and recycling of plastics, solid
and electronic wastes. Advanced porous materials have also been identified as promising
candidates for CO2 capture and other environmental applications, offering complementary
approaches to low-carbon material development [67].

Although the polymer/plastics age was at its zenith in the 1940s, many of today’s
products have continued to include plastics in their construction. In order to promote
sustainable development, most of the societies around the world are adopting a bio-based
circular economy. This necessitates the extensive application of bio-resources; however,
the focus should be to procure them from waste-based sources (forestry, agricultural and
municipal wastes) which will not compete with arable land. Therefore, the development
of high-performing materials is the cornerstone for building a sustainable bio-based in-
dustry. Many different types of plastics can be developed from biomass-based sources for
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e.g., poly (lactic acid)/PLA from corn, bio-polyethylene/Bio-PE from sugar cane, gluten
from wheat, etc. These bioplastics can be a new class of materials having a new chemical
structure or analogous to synthetic plastics but derived from a natural resource. Bioplas-
tics serve a pivotal role as renewable alternatives to conventional plastics, with potential
applications in food packaging, consumer products, automotive components, construc-
tion materials and biomedical devices [68,69]. It is important to understand that not all
bioplastics are biodegradable (e.g., bio-PE is made from bio-based sources but do not
degrade in the natural environment). However, some like PLA are both bio-based and
biodegradable. Interestingly, some fossil-based plastics are biodegradable, e.g., polybuty-
lene adipate terephthalate (PBAT). Therefore, the biodegradability of plastic is determined
by its chemical structure and not by its precursor. This concept is illustrated in Figure 6.

Figure 6. Biodegradability of plastics: PHA = polyhydroxyalkanoates; PBS = poly (1,4-
butylene succinate); PET = polyethylene terephthalate; PP = polypropylene; PE = polyethylene;
PBAT = polybutylene adipate terephthalate.

It is interesting to note that a study by Ashby, 2015 [70] revealed that numerous
bioplastics such as PLA, bio-PE/PP have similar embodied energies as the fossil-based
counterparts (e.g., polypropylene, polyethylene, etc.). On the other hand, the carbon foot-
print of bioplastics is not significantly lower than the petroleum-derived ones. The only
advantage of bioplastics is that some (Figure 6) are biodegradable, thus disintegrating into
the natural world in the form of harmless constituents. Understanding their end-of-life
behavior is essential when assessing environmental benefits, as not all bioplastics degrade
readily. Although often used interchangeably, the terms biodegradable and compostable de-
scribe different processes: biodegradable plastics break down via microbial activity, while
compostable plastics, a subset of biodegradable materials, decompose under controlled
composting conditions without leaving toxic residues [71], thus better aligning with circular
waste management approaches [72]. The improved biodegradability of certain bioplas-
tics provides important end-of-life benefits, significantly reducing environmental impact,
particularly in sectors dominated by single-use plastics, such as disposable surgical face
masks, medical gowns, compostable cutlery, coffee pods etc. [69]. One potential candidate
for low-carbon material is wheat gluten bioplastic, which is a co/by-product of cereal
processing industries. This bioplastic does not compete with the land on which food crops
are grown; in fact, the increasing prevalence of gluten intolerance (i.e., celiac disease)
and, consequently, lowered production of wheat-based consumables create motivation for
producing renewable plastic products from this industrial side-stream [73]. Some studies
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point to the fact that materials derived from biomass (e.g., bamboo) can be considered to
have negative embodied carbon because they absorb environmental CO2 needed for their
growth, thereby proving possession of negative carbon footprint [74]. Hence, the use of
biomass for low-carbon materials is appropriate to drive sustainable development. Not
only can the use of biomass replace fossil fuels, but these biofuels are carbon-neutral or
negative in nature. Moreover, biomass utilization only recycles the mobile carbon without
affecting the fixed carbon. The combustion of biomass-based fuels is significantly cleaner,
owing to the trace amounts of sulfur, nitrogen, and heavy metals in them. In summary,
materials derived from renewable and waste-based sources offer a viable pathway to re-
ducing GHG emissions while improving resource efficiency and end-of-life performance.
Their integration into material systems is essential for climate mitigation and the transition
toward a sustainable, circular economy.

4. Conclusions
The fundamental concepts related to life cycle assessment (LCA), a widely recognized

tool for evaluating the sustainability of products and systems, have been discussed in this
work. The four key phases of LCA; goal and scope definition, life cycle inventory (LCI), life
cycle impact assessment (LCIA), and interpretation and reporting, have been detailed to
provide a structured understanding of its implementation. While LCA delivers a broad
assessment of environmental impacts across a product’s life cycle, carbon footprint (CF)
analysis specifically targets GHG emissions. The development and implementation of
low-carbon materials aims to reduce the overall carbon footprint from cradle to end-of-life
and beyond. The effectiveness of both LCA and CF relies on addressing ongoing challenges
related to data quality and transparency, which can be mitigated through the adoption of
emerging digital technologies. Artificial Intelligence (AI), the Internet of Things (IoT), and
Blockchain present valuable opportunities to improve the accuracy, clarity, and real-time
data integration within LCA frameworks.
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